Human respiratory syncytial virus (hRSV)[^1^](#G1){ref-type="fn"} is the most important cause of lower respiratory tract disease in infants and young children and can also cause serious disease in immunocompromised adults and the elderly ([@B1][@B2][@B3][@B4]--[@B5]). Bronchiolitis and pneumonia caused by hRSV are associated with substantial morbidity and occasional mortality. It is estimated that most children are infected with hRSV at least once by 2 years of age ([@B2][@B3]--[@B4]), and infection of very young infants is controversially linked to a predisposition to asthma later in life ([@B6], [@B7]). The global annual RSV infection rate is estimated to be 64 million, resulting in ∼160,000 deaths (World Health Organization Initiative for Vaccine Research, 2010). Early attempts to control hRSV with a formalin-inactivated vaccine resulted in poor protection and enhanced hRSV disease when previously hRSV-naïve vaccine recipients experienced subsequent natural infection ([@B2], [@B8][@B9]--[@B10]). Despite substantial efforts over the years, no hRSV vaccine has been licensed ([@B1], [@B2], [@B4], [@B10]). The only pharmaceutical agent currently used to treat established RSV infections, ribavirin, is inconvenient, expensive, has toxicity risks and is only of modest efficacy ([@B1], [@B2]). Monoclonal antibodies are used prophylactically, but this is expensive, inconvenient, and restricted to use with high risk individuals ([@B10], [@B11]). Accordingly, a number of studies are underway to redress the unmet need for vaccines and pharmaceuticals for hRSV ([@B10], [@B12][@B13]--[@B14]).

Human RSV belongs to the *Pneumovirus* genus of the *Paramyxoviridae* family of lipid membrane-encapsidated, single-strand, negative sense RNA viruses ([@B1][@B2]--[@B3]). The hRSV genome of 15.2 kb encodes 10 subgenomic mRNAs, from which 11 proteins are translated ([@B1][@B2]--[@B3]). Like other members of the *Paramyxoviridae*, these proteins function in viral attachment and fusion, viral replication, and evasion of the host immune defenses ([@B1][@B2]--[@B3]). Live recombinant wild-type and mutant hRSVs have been produced from cDNA by reverse genetics ([@B15][@B16][@B17][@B18][@B19]--[@B20]). These recombinant hRSVs have greatly facilitated vaccine development studies ([@B21][@B22][@B23]--[@B24]). Recombinant manipulation of hRSV has also allowed assessment of the contribution of hRSV-encoded proteins to virus replication ([@B16][@B17][@B18][@B19]--[@B20], [@B25][@B26]--[@B27]) and host cell responses ([@B3], [@B20], [@B28][@B29][@B30][@B31][@B32][@B33][@B34][@B35]--[@B36]). NS1 and NS2 (nonstructural proteins 1 and 2 of respiratory syncytial virus) are relatively small hRSV encoded proteins that are not packaged with mature virions but act within the infected cell to suppress host cell type I and type III interferon (IFN) induction and signaling ([@B29][@B30][@B31][@B32][@B33][@B34][@B35][@B36]--[@B37]) and other antiviral responses ([@B28], [@B32]). Other members of the *Paramyxoviridae* produce IFN antagonist proteins that are generally derived from genes that encode other proteins ([@B38]); however, hRSV NS1 and NS2 are encoded by discrete viral genes ([@B1][@B2]--[@B3], [@B39]). Thus, it has been possible to produce live recombinant hRSVs with the genes encoding NS1 and/or NS2 deleted. These recombinant hRSVs have provided substantial insight into the broad impact of these proteins on host cell innate antiviral responses ([@B16], [@B17], [@B19], [@B20], [@B25], [@B27][@B28][@B29][@B30][@B31][@B32][@B33][@B34][@B35]--[@B36]). Despite this, the structures and mechanisms of action of NS1 and NS2 are incompletely characterized at the molecular level. The present study was initiated to assess the impact of NS1 on hRSV infection of human A549 type II alveolar epithelial cells at the proteomic level as a way of identifying potential molecular targets of NS1 interference. This is the first study involving proteomic analysis of cells infected with hRSV with a gene deleted from the viral genome.

Using two-dimensional differential gel electrophoresis (DIGE), we observed that relatively few A549 cellular proteins were regulated upon infection with wild-type recombinant hRSV expressing the green fluorescent protein (GFP) from an inserted gene (WT-GFP hRSV, a recombinant clone of human respiratory syncytial virus containing the wild-type A2 subtype genome expressing the green fluorescent protein from an inserted gene). A greater number of proteins were regulated in A549 cells infected with a clone of hRSV, from which the NS1 gene was deleted (ΔNS1-GFP hRSV, a recombinant clone of human respiratory syncytial virus containing the wild-type A2 subtype genome with the NS1 sequence deleted and expressing the green fluorescent protein from an inserted gene), even though viral gene expression by this mutant was reduced compared with WT-GFP hRSV. Most of these regulated cellular proteins were identified as the products of IFN-stimulated genes (ISGs). However, there was also a substantial induction of manganese superoxide dismutase (SOD2) expression in cells infected with ΔNS1-GFP hRSV in addition to the previously documented up-regulation of SOD2 by WT-GFP hRSV ([@B40]). The induction of SOD2 was demonstrated using two-dimensional DIGE, label-free mass spectrometry, Western blotting, and quantitative real time PCR. Measurement of SOD2 in uninfected A549 cells exposed to various cytokines indicated that regulation of SOD2 by NS1 in hRSV-infected A549 cells was potentially via an impact on IFN-γ signaling. Further experiments were conducted with infected IFN-deficient Vero cells and cytokine-stimulated Vero cells to facilitate identification of pathway and molecular targets of NS1. Although it was confirmed that type I IFNs do not directly induce SOD2, it was evident that a type I ISG was required for SOD2 induction in response to infection. The previously purported susceptibility of STAT2 to NS1-promoted proteosomal degradation ([@B37]) was not supported by the present findings, but other potential targets of NS1 are discussed together with experimental approaches to identify these targets.

EXPERIMENTAL PROCEDURES
=======================

### 

#### Materials

General biochemical reagents were obtained from Sigma-Aldrich. Acids and organic solvents were HPLC grade or better. All of the materials and reagents for two-dimensional DIGE were obtained from GE Healthcare. This included 24-cm nonlinear pH 3--11 IPG DryStrips, IPG strip covering fluid, nonlinear pH 3--11 IPG buffer, cyanine dye labeling reagents, and kits for protein enrichment and quantitation.

Primary antibodies included a mouse monoclonal antibody to SOD2, a mouse polyclonal antiserum to interferon-induced protein with tetratricopeptide repeats 3 (IFIT3) obtained from Abcam (Cambridge, UK), rabbit polyclonal antisera to STAT1 and thioredoxin reductase 1 (TXNRD1) from Cell Signaling Technology (Beverly, MA), rabbit polyclonal antisera to STAT2 and nuclear factor erythroid 2-related factor 2 (NRF2) from Santa Cruz (Santa Cruz, CA), a rabbit polyclonal antiserum to catalase (CAT) from Merck, and a goat polyclonal antiserum to hRSV obtained from Virostat (Westbrook, ME). Anti-rabbit IgG IR680LT, anti-mouse, and anti-goat IgG IRDye 800CW secondary antibodies were purchased from LI-COR (Lincoln, NE). SyproRuby® was obtained from Invitrogen.

Trypsin (modified sequencing grade) was purchased from Roche Diagnostics. α-Cyano-4-hydroxy cinnamic acid was from Bruker Daltonics (Bremen, Germany). Water was purified using a Milli-Q Synthesis system (Millipore, Billerica, MA). Denaturants for in-solution IEF fractionation of proteins were purchased in OFFGEL kit form (catalogue number 5188-6424) from Agilent Technologies. All of the components of the denaturing buffer (pH 7.6) used for cell lysis were obtained from Thermo Fisher Scientific (Rockford, IL). This buffer comprised 25 m[m]{.smallcaps} Tris-HCl, 150 m[m]{.smallcaps} NaCl, 1% (v/v) Nonidet P-40, 1% (w/v) sodium deoxycholate, 0.1% (w/v) SDS, phosphatase inhibitors (Halt phosphatase inhibitor mixture of sodium fluoride, sodium orthovanadate, sodium pyrophosphate, and β-glycerophosphate), and protease inhibitors (Halt protease inhibitor mixture of 1 m[m]{.smallcaps} 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride, 0.8 μ[m]{.smallcaps} aprotinin, 50 μ[m]{.smallcaps} bestatin, 15 μ[m]{.smallcaps} E-64, 5 μ[m]{.smallcaps} EDTA, and 20 μ[m]{.smallcaps} leupeptin). Opti-MEM cell culture medium was purchased from Invitrogen, and FCS was from HyClone (Logan, UT).

IFN-α and -β were from PBL Medical Laboratories (Piscataway, NJ), and IFN-λ1 (interleukin-29) was from PeproTech (Rock Hill, NJ). TNF-α was from Prospec-Tany Technogene (Israel). Interleukin-1β (IL-1β) and IFN-γ were from R & D Systems (MN). All of the cytokines were produced by recombinant expression of human genes. The functional activities of the IFNs were confirmed by demonstrating their abilities to induce IFN signaling, as indicated by translocation of STAT2 from the cytoplasm to the nuclei of treated cells ([@B41]).

#### Cell Culture, Virus Infection, and Lysate Preparation

The recombinant viruses used in this study were a variant of the WT A2 strain of hRSV that expressed GFP from an inserted gene (WT-GFP hRSV) or this GFP construct lacking the NS1 protein (ΔNS1-GFP hRSV) prepared as described previously ([@B20]). Approximately 10 million A549 or African green monkey Vero cells were infected at a multiplicity of infection of 3 plaque-forming units/cell with the viruses above or exposed to medium only (mock infected) in Opti-MEM® medium supplemented with 2.5% (v/v) FCS and 50 μg/ml gentamycin (Quality Biologicals, Gaithersburg, MD). The cells were cultured for a further 24 h, at which time the medium was removed, and the cells were washed twice with ice-cold phosphate-buffered saline. 1 ml of the ice-cold denaturing lysis buffer mixture described above was added directly to the flasks containing the washed cells. The flasks were then kept on ice for 5 min and subsequently scraped, and the resultant lysates were transferred to microcentrifuge tubes. The lysates were clarified by centrifugation at 14,000 × *g* and 4 °C for 15 min. The supernatants were transferred into clean tubes and stored frozen at −80 °C prior to transfer by air freight (World Courier) from the National Institutes of Health (Bethesda, MD) to Brisbane, Australia, in the constant presence of dry ice.

#### Cytokine Induction

A549 or Vero cells were cultured in Opti-MEM® medium supplemented with 10% (v/v) FCS, 100 μg/ml streptomycin, and 100 units/ml penicillin. Approximately 10 million cells were treated with complete medium (20 ml) containing either 0.1% (w/v) BSA or cytokine in 0.1% (w/v) BSA. The cells were then incubated at 37 °C for 24 h before being washed twice, lysed, and clarified by centrifugation as described above.

#### Protein Enrichment, Quantitation and Cyanine Dye Labeling

Lysates were individually enriched for proteins using a two-dimensional clean-up kit (GE Healthcare) according to the manufacturer\'s instructions. The protein pellets resulting from 24-h cultures of ∼10 million infected or IFN-stimulated cells were resuspended in 60--80 μl of 30 m[m]{.smallcaps} Tris-HCl buffer (pH 8.8) containing 7 [m]{.smallcaps} urea, 2 [m]{.smallcaps} thiourea, and 4% (w/v) CHAPS and used immediately or stored at −80 °C until required. A protein assay (GE Healthcare 2D Quant Kit) was used to estimate protein concentrations following the manufacturer\'s instructions. Typically 1.5 mg of protein was recovered per lysate.

Individual samples were minimally labeled with *N*-hydroxysuccinimidyl ester derivatives of the charge matched Cy3 or Cy5 dyes developed specifically for two-dimensional DIGE (GE Healthcare) according to the manufacturer\'s instructions. Briefly, 50 μg of each enriched protein sample in 10 μl of labeling buffer (30 m[m]{.smallcaps} Tris-HCl, 7 [m]{.smallcaps} urea, 2 [m]{.smallcaps} thiourea, 4% (w/v) CHAPS, pH 8.8) was labeled with 400 pmol of either Cy3- or Cy5-reactive dyes, freshly dissolved in 1 μl of anhydrous dimethyl formamide. The labeling reaction was incubated at 0 °C in the dark for 30 min, and the reaction was terminated by addition of 10 nmol of lysine (1 μl of 10 m[m]{.smallcaps}) and incubated at 0 °C for a further 10 min. Internal controls containing equal quantities of all samples for a particular experiment (total of 50 μg) were prepared by reaction in the same way with the equivalent Cy2Dye.

#### Two-dimensional Electrophoresis

50 μg of Cy3- and Cy5-labeled samples were pooled, and 50 μg of Cy2-labeled internal control sample was added for quantitative two-dimensional DIGE analysis. Alternatively, 400--700 μg of enriched, but unlabeled lysate proteins were separated on two-dimensional gels using essentially identical protocols. IPG strips were rehydrated for 15 h at 22 °C in 450 μl of rehydration buffer containing 7 [m]{.smallcaps} urea, 2 [m]{.smallcaps} thiourea, 4% (w/v) CHAPS, 0.002% (w/v) bromphenol blue, 40 m[m]{.smallcaps} DTT, 0.5% (v/v) pH 3--11 NL IPG buffer, and the relevant samples using an Ettan IPGphor reswelling tray (GE Healthcare). Once rehydration was complete, the samples were focused at 20 °C using Ettan^TM^ IPGphor 3 (GE Healthcare) system at 500 V for 500 Vh, followed by a gradient to 1 kV over 800 Vh, a gradient to 10 kV over 16.5 kVh, and maintained at 10 kV for another 22.2 kVh (total 40 kVh). The strips were either used immediately after focusing or stored at −80 °C for later processing. The strips were thawed at 22 °C if required and incubated in equilibration buffer containing 6 [m]{.smallcaps} urea, 30% (v/v) glycerol, 2% (w/v) SDS, 50 m[m]{.smallcaps} Tris-HCl (pH 8.8), 1% (w/v) DTT for 15 min on a rocker at 22 °C. The strips were then equilibrated for an additional 15 min in the buffer above but with 2.5% (w/v) iodoacetamide instead of DTT. The equilibrated strips were sealed onto the top of 1-mm-thick 12% discontinuous ([@B42]) polyacrylamide slab gels (26 × 20 cm) with 0.5% (w/v) agarose sealing solution. For two-dimensional DIGE analysis, these slab gels were polymerized between low fluorescence glass plates. Standard glass plates were used for preparative gels, with one plate precoated with bind silane (GE Healthcare). Second dimension separations were performed on an Ettan DALT six electrophoresis unit (GE Healthcare). The proteins were separated at 25 °C, initially with 1 W (8 mA)/gel for 1.5 h, followed by 13 W (40 mA)/gel until the dye front approached the bottom of the gels.

#### Image Scanning and Analysis of Two-dimensional DIGE Gels

Two-dimensional DIGE gels were scanned directly between low fluorescence glass plates using a Fujifilm FLA-9000 laser scanner (excitation/emission, Cy2 473 nm/510 nm LP, Cy3 532 nm/570 nm df20, Cy5 635 nm/665 nm LP) at 100-μm resolution. The images were then trimmed using Multigauge software 3.0 (Fuji Photo Film Co. Ltd.) and data sets analyzed in Delta2D 4.1 (Decodon GmbH). The gels were aligned using the internal control and the Delta2D in-gel warping strategy followed by fusion of all gels and spot detection on this fused image. The coordinates defining all spots were then transferred to individual gels to attain 100% spot alignment between gels. The resulting intensities were analyzed in the TIGR multiple experiment viewer incorporated into Delta2D using the Welch *t* test (*p* values based on all permutations of the data) applying the standard Bonferroni correction. Spots that exhibited a fold change of at least 1.2 and a significance threshold of α \< 0.01 were selected for further analysis.

Falsely colored gel images were constructed using the protein patterns originating from the Cy3- and Cy5-labeled samples. For this purpose, signal intensities of both images were adjusted using Multigauge software to correct for uneven fluorescence yields. The gray scale Cy3 and Cy5 images were separately falsely colored in green or red.

#### In-solution IEF Fractionation

Between 0.8 and 1.9 mg of protein enriched cell lysates were reconstituted individually in 3.6 ml of an electrofocusing solution prepared with urea, thiourea, DTT, and glycerol OFFGEL kit components for in-solution IEF fractionation of proteins. This solution was prepared as recommended by Agilent except for the use of 1.2% (v/v) pH 3--11 NL IPG buffer (GE Healthcare). 150-μl aliquots of each protein solution were dispensed into the wells of a 24-well OFFGEL sample frame that had been assembled over a 24-cm pH 3--11 NL IPG DryStrip (GE Healthcare) in a tray of the Agilent Technologies 3100 OFFGEL Fractionator according to the accompanying instrument instructions. The samples were focused with a maximum current of 50 μA until 50 kVh were reached using the standard 3100 OFFGEL protein focusing program. Individual wells were subsequently harvested and either used immediately or stored frozen at −20 °C until required.

For analytical purposes, 10-μl aliquots of each fraction were diluted with an equal volume of double concentration reducing sample buffer and allowed to stand at 22 °C for 2 h prior to one-dimensional SDS-PAGE. Alternatively, after adjustment of the pH of 100 μl of each fraction with 5 μl of 1 [m]{.smallcaps} NH~4~HCO~3~, the proteins were alkylated by the addition of 5 μl of 1 [m]{.smallcaps} iodoacetamide and incubation at 22 °C for 2 h in the dark. Reduced and alkylated fractions destined for one-dimensional SDS-PAGE were concentrated by adding 9 volumes of methanol at −20 °C and allowing the proteins to precipitate at −20 °C for 16 h. Precipitated proteins were harvested at 4 °C by centrifugation at 16,000 × *g* for 20 min and reconstituted in a minimal volume of one-dimensional SDS-PAGE sample buffer and separated with 1-mm-thick 12% acrylamide gels using a discontinuous system ([@B42]).

Fractions destined for solution digestion were alkylated as above, and 1 μg of trypsin was added immediately prior to the precipitation step. Trypsin co-precipitated samples were washed twice with −20 °C methanol, and residual traces of methanol were evaporated under a gentle stream of dry N~2~ gas. Digestion was subsequently initiated by resuspending precipitates in 40 μl of 100 m[m]{.smallcaps} NH~4~HCO~3~ and continued by incubation at 37 °C for 2 h prior to adding another 1 μg of trypsin and continuing the incubation for a further 6 h.

#### In-gel Digestion

Preparative two-dimensional gels were fixed (30% (v/v) ethanol/10% (v/v) acetic acid) for 45 min, followed by staining overnight using colloidal Coomassie Blue containing 11.8% (v/v) phosphoric acid, 20% (v/v) methanol, 10% (w/v) ammonium sulfate, and 0.12% (w/v) Coomassie Blue G-250 ([@B43]). The gels were destained with multiple changes of Milli-Q water to remove the background staining. Scanned gels were either processed immediately or stored in Milli-Q water at 4 °C prior to spot picking. One-dimensional SDS-PAGE gels were either stained with the same colloidal Coomassie method as above or with 0.03% (w/v) Coomassie Blue R-250 in 8% (v/v) acetic acid, 50% (v/v) methanol in water followed by destaining with the same solvent lacking stain and storage in Milli-Q water.

Individual gel plugs were sampled from two-dimensional gels using Eppendorf p-200 pipette tips from which the ends had been severed to create an opening of ∼2-mm diameter. The bands were sliced from one-dimensional gels using clean scalpel blades. Gel plugs and bands were washed twice with 100 μl of water and destained twice for 30 min at 37 °C with 100 μl of 40 m[m]{.smallcaps} ammonium bicarbonate in 50% (v/v) aqueous ACN and subsequently dehydrated for 10 min in 200 μl of 100% ACN. The dried plugs were rehydrated with 20 μl of trypsin solution (10 ng/μl) in 40 m[m]{.smallcaps} NH~4~CO~3~ (pH 8) and incubated overnight at 37 °C. After overnight incubation, the trypsin solution was collected, and the gel pieces were extracted twice for 30 min with 20 μl of 0.1% (v/v) TFA in 50% (v/v) aqueous ACN. The trypsin supernatant and extracts were pooled and reduced to approximately one-third of the original volume in a vacuum centrifuge.

#### MALDI-TOF/TOF-MS/MS Analysis

All of the mass spectra were acquired in positive ion mode on an Ultraflex III MALDI-TOF/TOF instrument (Bruker Daltonics) as described previously ([@B44], [@B45]). In-gel digests were further concentrated by adsorption to and elution from C18 ZipTips® (Millipore, Bedford) according to a published protocol ([@B46]). Aliquots of ZipTip® eluates (1 μl) were mixed with α-cyano-4-hydroxy cinnamic acid matrix (2 μl), and 1.5-μl aliquots of the mixtures were applied to a MTP format stainless steel target plate. The spectra were calibrated using a peptide calibration standard mixture (Bruker Daltonics) of nine peptides in the mass range of *m/z* = 1046 and *m/z* = 3147 ([@B44], [@B45]). Protein identification was performed by database searching of a custom human and virus database using an in-house Mascot server (Matrix Science). Searches were submitted to Mascot (version 2.2.06) using BioTools^TM^ (Bruker Daltonics; version 3.2). The custom database consisted of the complete proteome sets for *Homo sapiens*, *Bos taurus*, and strain A2 of hRSV and proteins matching GFP. The database of 80,707 protein sequences was downloaded from Uniprot ([www.uniprot.org](http://www.uniprot.org)) on July 27, 2011. The Mascot search parameters were: enzymatic cleavage set to tryptic (allowing a maximum of two missed cleavages) and carbamidomethylation of cysteine specified as a fixed modification. Deamidation of asparagine/glutamine and methionine oxidation were specified as variable modifications. Fragment ion and parent ion mass tolerances were set to 0.8 Da and 75 ppm, respectively.

Most protein identifications were based on two matching peptide MS/MS spectra with Expected values (E-values) of less than 0.05 ([supplemental Table 2](http://www.mcponline.org/cgi/content/full/M111.015909/DC1)) and additional peptide spectra with E-values of less than 0.05 and/or an additional peptide(s) with a less confident E-value(s). Where identifications were based on only one peptide spectrum with an E-value of less than 0.05 or multiple MS/MS spectra with less confident E-values, MS/MS spectra are presented in [supplemental Fig. 3](http://www.mcponline.org/cgi/content/full/M111.015909/DC1). The principle of parsimony was applied for protein identification.

#### Capillary HPLC-LTQ-Orbitrap

In-gel or solution tryptic digests were subjected to CapHPLC-MS/MS analysis using an UltiMate 3000 HPLC system (Dionex) interfaced with a linear ion trap (LTQ)-Orbitrap XL hybrid mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). Aliquots (7 μl) of tryptic digests were acidified with 1 μl of 50% (v/v) aqueous formic acid and loaded onto a 300 Å, 300-μm × 5-mm C18 trap column (Dionex Acclaim® PepMap^TM^ μ-Precolumn) at 20 μl/min in 98% solvent A (0.1% (v/v) aqueous formic acid) and 2% solvent B (80% (v/v) ACN/20% (v/v) H~2~O containing 0.1% (v/v) formic acid) for 5 min at 40 °C and subsequently back flushed onto a pre-equilibrated analytical column (Vydac Everest C18 300Å, 150 μm × 150 mm; Alltech) using a flow rate of 1 μl/min. After washing the analytical column at 0% B for 5 min, the peptides were separated at 40 °C using a sequence of linear gradients: to 45% B over 75 min; to 75% B over 15 min; and, to 100% B over 5 min and then holding the column at 100% B for 10 min. Eluates from the analytical column were introduced into the LTQ-Orbitrap throughout the entire run via a dynamic nano-electrospray ion source (Proxeon, Odense, Denmark) containing a 30-μm-inner diameter uncoated silica emitter (New Objective). Typical spray voltages were between 1.4 and 1.8 kV, and no sheath, sweep, or auxiliary gases were used. The heated capillary temperature was set to 200 °C. The LTQ-Orbitrap XL was controlled using Xcalibur 2.0 software (Thermo Fisher Scientific) and operated in a data-dependent acquisition mode to automatically switch between Orbitrap-MS and ion trap-MS/MS. The survey full scan mass spectra (*m/z* 300--2000) were acquired in the Orbitrap with a resolving power set to 60,000 (at 400 *m/z*) after accumulating ions to an automatic gain control target value of 5.0 × 10^5^ charges in the LTQ. MS/MS spectra were concurrently acquired on the eight most intense ions from the survey scan in the LTQ filled to an automatic gain control target value of 3.0 × 10^4^. Charge state filtering, where unassigned precursor ions were not selected for fragmentation, and dynamic exclusion (repeat count, 1; repeat duration, 30 s; exclusion list size, 500; and exclusion duration, 35 s) were used. Fragmentation conditions in the LTQ were: 35% normalized collision energy, activation *q* of 0.25, 30-ms activation time, and minimum ion selection intensity 1000 counts. Maximum ion injection times were 500 ms for survey full scans and 100 ms for MS/MS.

Tandem mass spectra were searched using the same general search parameters and the database described above in the "MALDI-TOF/TOF-MS/MS analysis" section. The searches were submitted to Mascot using Proteome Discoverer (Thermo Fisher Scientific; version 1.3). Fragment and parent ion mass tolerances were set to 0.8 Da and 20 ppm, respectively. E-values of less than 0.05 were used as criteria for confident peptide identifications.

#### Western Blot Analysis

Proteins were separated by one-dimensional SDS-PAGE, transferred to PVDF (0.2 μm) membrane (Millipore or Bio-Rad) and blocked with 1% (w/v) BSA in buffer comprising 10 m[m]{.smallcaps} Tris-HCl (pH 7.4) and 0.15 [m]{.smallcaps} NaCl (TBS) with 0.5% (v/v) Tween 20 (TBST). The membranes were washed with TBS and TBST and probed by incubation with primary antibodies specific for SOD2 (1:4000), IFIT3 (1:1000), CAT (1:1000), STAT1 (1:4000), STAT2 (1:500), NRF2 (1:1000), TXNRD1 (1:2000), or a polyvalent antibody to hRSV (1:1000) diluted in 4% (w/v) skim milk powder in TBS or 1% (w/v) BSA in TBST. The membranes were washed thoroughly with TBS and TBST, and bound antibodies were detected using anti-rabbit IgG-conjugated IR680, anti-mouse or anti-goat IgG conjugated with IR800 (1:5000 to 1:20,000) in 4% (w/v) skim milk powder in TBS or 1% BSA in TBST. Membranes were washed thoroughly with TBS, scanned using an Odyssey Infrared Imaging System (LI-COR), and analyzed quantitatively. Multiple independent biological replicates were analyzed for each experiment using Graphpad Prism as indicated in the figure legends. Protein samples were enriched and quantified as described above, and equivalent protein quantities were loaded onto gels for each sample in all experiments. Equivalent loading and transfer were validated using SyproRuby® as a quantitative membrane protein stain followed by densitometry and destaining prior to the blocking step of the blotting protocol ([@B47]). Densitometry for each SyproRuby-stained lane was measured to determine statistically equivalent loading for each experiment. Total protein staining was preferred over selection of a host cell protein as a loading control because protein expression may have been regulated by WT-GFP hRSV and ΔNS1-GFP hRSV infection. The same statistical treatment was applied to validate the protein staining as was used above for the blotting data.

#### Quantitative RT-PCR

For quantitative real time PCR analysis of SOD2 mRNA, A549 cells in 6-well plates were infected with the viruses at multiplicity of infection of 3 plaque-forming units/cell. At 24 h postinfection, total RNA was isolated by RNEasy RNA isolation kit (Qiagen), and cDNA was synthesized using Super Script III reverse transcriptase (Invitrogen) according to the manufacturer\'s recommendations. SOD2 cDNA was analyzed by quantitative real time PCR using Platinum PFX (Invitrogen) and a TaqMan primer and probe set designed from the known SOD2 sequence (GenBank^TM^ accession number [Hs00167309_m1](Hs00167309_m1)) (Invitrogen) according to the manufacturer\'s recommendations. Human β-actin was used as the endogenous control for each sample (Invitrogen catalogue number 4333762F). The 2^−ΔΔ*^C^*~T~^ method ([@B48]) was used to calculate the relative increase of SOD2 mRNA in virus-infected compared with mock infected cells. Δ*C*~t~ values were calculated for each sample, and the mean *C*~t~ values were calculated for each treatment.

RESULTS
=======

### 

#### Deletion of NS1 from the hRSV Genome Enhances Expression of Specific Cellular Proteins in Response to Infection and Attenuates hRSV Replication

Immortalized human A549 type II alveolar epithelial cells ([@B49], [@B50]) are widely used to study the infectious properties of human respiratory viruses ([@B31], [@B32]). Consequently, these cells were used in conjunction with two-dimensional DIGE to analyze the impact of NS1 on the host cell response to hRSV infection at a proteomic level.

A549 cells were infected at a multiplicity of infection of 3 plaque-forming units/cell in three or more independent biological replicate experiments with WT-GFP hRSV or ΔNS1-GFP hRSV or were mock infected, and the cells were incubated for 24 h and processed for two-dimensional DIGE ([supplemental Table 1](http://www.mcponline.org/cgi/content/full/M111.015909/DC1)). Fusion of all gels from this experimental protocol resulted in detection of 1681 discrete spots. Compared with mock infected cells, WT-GFP hRSV-infected cells had 58 protein spots statistically significantly differentially regulated at α \< 0.01 and a fold difference of 1.2 or greater ([supplemental Fig 1*A*](http://www.mcponline.org/cgi/content/full/M111.015909/DC1)). Comparison of ΔNS1-GFP hRSV-infected and mock infected cells ([supplemental Fig. 1*B*](http://www.mcponline.org/cgi/content/full/M111.015909/DC1)) revealed 124 statistically significantly regulated spots and differences between the spots regulated by WT-GFP hRSV-infected compared with mock infected cells. Comparison of ΔNS1-GFP hRSV- and WT-GFP hRSV-infected cells essentially resulted in an amalgam of the comparisons of these two infectious circumstances to mock infection ([Fig. 1](#F1){ref-type="fig"}).

![**Comparisons of proteomes of A549 cells infected with ΔNS1-GFP hRSV and WT-GFP hRSV by two-dimensional DIGE.** The image depicted is for gel 1 described in [supplemental Table 1](http://www.mcponline.org/cgi/content/full/M111.015909/DC1). The *numbered red spots* indicate proteins whose abundance appeared to increase in response to WT-GFP hRSV compared with ΔNS1-GFP hRSV, and the converse is true for *numbered green spots*.](zjw0061241430001){#F1}

Protein spots observed to be statistically significantly regulated were excised from Coomassie-stained preparative gels of unlabeled lysates of WT-GFP hRSV-infected ([supplemental Fig. 2*A*](http://www.mcponline.org/cgi/content/full/M111.015909/DC1)) and ΔNS1-GFP hRSV-infected cells ([supplemental Fig. 2*B*](http://www.mcponline.org/cgi/content/full/M111.015909/DC1)) and attempts made to identify these proteins after in-gel digestion by MALDI-TOF/TOF-MS/MS. Thirty-six of the statistically significantly regulated spots ([Table I](#TI){ref-type="table"} and [supplemental Table 2](http://www.mcponline.org/cgi/content/full/M111.015909/DC1)) yielded identifications of interest after excluding differential carryover of bovine proteins from media during sample preparation (data not shown). The spots from which identifications were made are indicated on the two-dimensional DIGE comparison of ΔNS1-GFP hRSV- and WT-GFP hRSV-infected cells ([Fig. 1](#F1){ref-type="fig"}). Eleven of these spots contained proteins that were products of the genomes of the hRSV clones used for infections, including GFP isoforms. The remaining statistically significantly regulated spots contained 22 nonredundant human cellular proteins that were of interest because of their apparent regulation by NS1 (*i.e.* generally suppression), indicating that NS1 interacted with them directly or affected members of pathways required for their expression.

###### Regulation data for proteins detected as being regulated in A549 cells as a consequence of infection with WT-GFP hRSV or ΔNS1-GFP hRSV, for which identities were determined

  UniprotKB   UniprotKB protein name                                        Spot number on two-dimensional DIGE image   Regulation[*^a^*](#TFI-1){ref-type="table-fn"}           
  ----------- ------------------------------------------------------------- ------------------------------------------- ------------------------------------------------ ------- -------
  P61158      Actin-related protein 3                                       1                                           −1.32                                            NSS     1.53
  P03419      Matrix protein (hRSV)                                         2                                           4.42                                             NSS     −3.69
  3           8.14                                                          NSS                                         −5.09                                                    
  4           8.01                                                          NSS                                         −3.31                                                    
  P04545      Matrix M2--1 (hRSV)                                           5                                           5.19                                             NSS     −5.26
  6           4.49                                                          NSS                                         −5.47                                                    
  7           2.87                                                          NSS                                         −2.92                                                    
  P04544      NS1 (hRSV)                                                    8                                           6.42                                             NSS     −7.47
  P03421      Phosphoprotein (hRSV)                                         9                                           88.4                                             5.39    −16.4
  Q16881      Thioredoxin reductase 1, cytoplasmic                          10                                          −1.22                                            NSS     1.56
  P08729      Keratin, type II cytoskeletal 7                               11                                          NSS                                              1.47    −3.04
  12          NSS                                                           NSS                                         1.53                                                     
  P28838      Cytosol aminopeptidase                                        13                                          NSS                                              NSS     1.21
  P30101      Protein disulfide-isomerase A3                                14                                          NSS                                              1.27    1.24
  P43490      Nicotinamide phosphoribosyltransferase                        15                                          NSS                                              1.20    1.25
  P21980      Protein-glutamine γ-glutamyltransferase 2                     16                                          NSS                                              1.73    1.52
  P50453      Serpin B9                                                     17                                          NSS                                              1.78    1.53
  P31150      Rab GDP dissociation inhibitor α                              18                                          NSS                                              1.49    1.58
  Q06323      Proteasome activator complex subunit 1                        19                                          NSS                                              1.74    1.67
  P61978      Heterogeneous nuclear ribonucleoprotein K                     20                                          NSS                                              1.75    1.68
  P04179      Superoxide dismutase (Mn), mitochondrial                      21                                          NSS                                              3.55    2.37
  Q9BQE5      Apolipoprotein L2                                             22                                          NSS                                              2.60    2.45
  P20591      Interferon-induced GTP-binding protein Mx1                    23                                          NSS                                              4.31    2.48
  24          NSS                                                           5.28                                        3.17                                                     
  O14879      Interferon-induced protein with tetratricopeptide repeats 3   25                                          NSS                                              2.83    4.23
  P23381      Tryptophanyl-tRNA synthetase, cytoplasmic                     26                                          NSS                                              2.31    2.81
  27          NSS                                                           5.64                                        5.91                                                     
  P05161      Ubiquitin-like protein ISG15                                  28                                          NSS                                              4.30    3.62
  P11021      78-kDa glucose-regulated protein                              29                                          NSS                                              2.44    2.50
  P42330      Aldo-keto reductase family 1 member C3                        30                                          NSS                                              −1.31   −1.17
  P11413      Glucose-6-phosphate 1-dehydrogenase                           31                                          NSS                                              −1.19   −1.09
  P00491      Purine nucleoside phosphorylase                               32                                          NSS                                              1.29    1.24
  P00352      Retinal dehydrogenase 1                                       33                                          NSS                                              −1.21   NSS
  P42212      Green fluorescent protein                                     34                                          9.13                                             1.02    −8.93
  35          32.7                                                          1.58                                        −20.7                                                    
  36          4.64                                                          −1.43                                       −6.65                                                    

^*a*^ NSS indicates lack of statistically significant difference when data from all relevant gels taken into account.

Only spot 2 revealed more than one protein identification (LGALS3 and hRSV M) based on the criteria specified under "Experimental Procedures." It should be noted that five of the regulated proteins listed in [Table I](#TI){ref-type="table"} were included on the basis of only one MS/MS spectrum with an E-value of less than 0.05 ([supplemental Table 2](http://www.mcponline.org/cgi/content/full/M111.015909/DC1)). Only one identification (APOL2 in spot 22) was based on MS/MS spectra for peptides ([@B3]) with E-values of greater than 0.05 ([Fig. 1](#F1){ref-type="fig"}, [Table I](#TI){ref-type="table"}, and [supplemental Table 2](http://www.mcponline.org/cgi/content/full/M111.015909/DC1)); these spectra are presented in [supplemental Fig. 3](http://www.mcponline.org/cgi/content/full/M111.015909/DC1). APOL2 was subsequently identified from the corresponding spot from lysates of IFN-γ-treated cells (see below; [supplemental Fig. 8*B*](http://www.mcponline.org/cgi/content/full/M111.015909/DC1)) based on finding a peptide common to the spot 22 of the infected cell lysate but that revealed an E-value of less than 0.05 and another peptide from APOL2 with an E-value of 0.086 ([supplemental Fig. 3*G*](http://www.mcponline.org/cgi/content/full/M111.015909/DC1)). The extents of regulation of the identified proteins are presented ([Fig. 2](#F2){ref-type="fig"}, [Table I](#TI){ref-type="table"}, and [supplemental Tables 3--5](http://www.mcponline.org/cgi/content/full/M111.015909/DC1)).

![**Heat map comparisons of differential protein expression in lysates of mock infected and WT-GFP hRSV- and ΔNS1-GFP hRSV-infected A549 cells determined by quantitative two-dimensional DIGE.** The heat maps represent comparisons of mock with WT-GFP hRSV (*A*), WT-GFP hRSV with ΔNS1-GFP hRSV (*B*), and mock with ΔNS1-GFP hRSV (*C*) infections, respectively. Relative spot intensities can be determined from the scales presented above each respective heat map. The accession numbers and gene names are presented to the *right* of each heat map.](zjw0061241430002){#F2}

In the comparison of the WT-GFP hRSV-infected cells with mock infected cells, only 13 regulated protein spots could be identified with confidence. Proteins in eight of these spots were viral in origin and featured as being up-regulated ([Fig 2](#F2){ref-type="fig"}*A*, [Table I](#TI){ref-type="table"}, and [supplemental Table 3](http://www.mcponline.org/cgi/content/full/M111.015909/DC1)). Only two cellular proteins were found to be regulated by WT-GFP hRSV infection. These proteins, cytoplasmic thioredoxin reductase 1 and actin-related protein 3 were down-regulated. A third cellular protein, galectin-3, was identified from regulated spot 3 ([Fig. 1](#F1){ref-type="fig"}), but as mentioned above this spot contained the viral matrix protein that was evident in other spots because of infection, and post-translational modifications probably accounted for the regulation of this spot. Three of the up-regulated proteins were identified as GFP, which arose from replication of the viral genome, which included GFP as an inserted gene ([Fig. 1](#F1){ref-type="fig"} and [Table I](#TI){ref-type="table"}).

As expected from a visual inspection of the data presented in [Fig. 1](#F1){ref-type="fig"}, a much higher degree of statistically significant protein regulation was apparent in a comparison of ΔNS1-GFP hRSV- and WT-GFP hRSV-infected cells ([Fig. 2](#F2){ref-type="fig"}*B*, [Table I](#TI){ref-type="table"}, and [supplemental Table 4](http://www.mcponline.org/cgi/content/full/M111.015909/DC1)). This quantitative comparison indicated two distinct trends of regulation. Proteins derived by expression of viral genes, such as M (human respiratory syncytial virus matrix protein), P (human respiratory syncytial virus phosphoprotein), and NS1 and GFP, evident in 11 spots, predominated in the WT-GFP hRSV-infected cell lysates. On the other hand, cellular proteins were relatively more abundant in 21 spots from the ΔNS1-GFP hRSV-infected cells compared with WT-GFP hRSV-infected cells ([Fig. 2](#F2){ref-type="fig"}*B*, [Table I](#TI){ref-type="table"}, and [supplemental Table 4](http://www.mcponline.org/cgi/content/full/M111.015909/DC1)). This indicated that although ΔNS1-GFP hRSV replicates much more poorly than WT-GFP hRSV, it elicits a much more profound cellular response to infection.

Consistent with the observations above, when the data from the ΔNS1-GFP hRSV-infected and mock infected lysates were directly compared, the viral phosphoprotein was the only hRSV protein evident in this comparison, and only one GFP-containing spot was evident ([Fig. 2](#F2){ref-type="fig"}*C*, [Table I](#TI){ref-type="table"}, and [supplemental Table 5](http://www.mcponline.org/cgi/content/full/M111.015909/DC1)). In contrast, 21 regulated spots evident in this comparison contained cellular proteins ([Fig. 2](#F2){ref-type="fig"}*C*, [Table I](#TI){ref-type="table"}, and [supplemental Table 5](http://www.mcponline.org/cgi/content/full/M111.015909/DC1)). Three of these cellular protein spots were down-regulated, and the remaining 18 were up-regulated as a consequence of deleting NS1 from the hRSV genome ([Fig. 2](#F2){ref-type="fig"}*C*, [Table I](#TI){ref-type="table"}, and [supplemental Table 5](http://www.mcponline.org/cgi/content/full/M111.015909/DC1)).

Of the 22 cellular proteins that were differentially regulated by the removal of NS1, data exist ([@B50]) or were obtained later in this study by direct cytokine stimulation to indicate whether their expression is inducible by type I, type II, and/or type III IFNs or likely to be affected by other regulators ([Table II](#TII){ref-type="table"}).

###### Impact of IFNs on NS1-regulated proteins in A549 cells

  Uniprot protein name                                          Gene name   IFN regulators
  ------------------------------------------------------------- ----------- ----------------
  Serpin B9                                                     SERPINB9    β
  Glucose-6-phosphate 1-dehydrogenase                           G6PD        λ
  Ubiquitin-like protein ISG15                                  ISG15       βλ
  Aldo-keto reductase family 1 member C3                        AKR1C3      βγ
  Protein-glutamine γ-glutamyltransferase 2                     TGM2        βγ
  Interferon-induced GTP-binding protein Mx1                    MX1         αβγλ
  Interferon-induced protein with tetratricopeptide repeats 3   IFIT3       αβγλ
  Cytosol aminopeptidase                                        LAP3        αβγ
  Apolipoprotein L2                                             APOL2       βγ
  Proteasome activator complex subunit 1                        PSME1       βγλ
  Tryptophanyl-tRNA synthetase, cytoplasmic                     WARS        βγλ
  Keratin, type II cytoskeletal 7                               KRT7        γλ
  Superoxide dismutase \[Mn\], mitochondrial                    SOD2        γ
  Thioredoxin reductase 1, cytoplasmic                          TXNRD1      γ
  Protein disulfide-isomerase A3                                PDIA3       γ
  78-kDa glucose-regulated protein                              HSPA5       γ
  Actin-related protein 3                                       ACTR3       --
  Nicotinamide phosphoribosyltransferase                        NAMPT       --
  Rab GDP dissociation inhibitor α                              GDI1        --
  Heterogeneous nuclear ribonucleoprotein K                     HNRNPK      --
  Purine nucleoside phosphorylase                               PNP         --
  Retinal dehydrogenase 1                                       ALDH1A1     --

Only one NS1-regulated protein, SERPINB9, appears to be uniquely regulated by a type I IFN (*i.e.* IFN-β; [Table II](#TII){ref-type="table"}), and one protein, G6PD, appears to be uniquely regulated by a type III IFN (*i.e.* IFN-λ1; [Table II](#TII){ref-type="table"}). The ubiquitin-like protein, ISG15, did not exhibit regulation in WT-GFP hRSV-infected compared with mock infected A549 cells ([Table I](#TI){ref-type="table"}) but was substantially up-regulated upon deletion of NS1 ([Fig. 1](#F1){ref-type="fig"}, *spot 28*; and [Table I](#TI){ref-type="table"}). This protein is regulated by either type I (IFN-β) or type III (IFN-λ1) IFNs ([Table II](#TII){ref-type="table"}). Regulation of the three abovementioned proteins by NS1 implies an impact on signaling mediated by the heterodimeric STAT1/STAT2 transcription factor.

Eight of the NS1-regulated proteins are regulated by different combinations of type I (IFN-α and/or -β), type II (IFN-γ), and/or type III (IFN-λ1) IFNs ([Table II](#TII){ref-type="table"}). These findings support the notion that NS1 impacts on STAT1/STAT2-mediated signaling and implies that NS1 also regulates signaling mediated by the homodimeric STAT1/STAT1 transcription factor. One of this class of proteins (LAP3, isoform 1 of cytosol aminopeptidase) that is induced by type I and type II IFNs was not statistically significantly different between WT-GFP hRSV- or ΔNS1-GFP hRSV-infected and mock infected cells but was significantly higher in abundance in ΔNS1-GFP hRSV-infected cells compared with WT-GFP hRSV-infected cells ([Fig. 2](#F2){ref-type="fig"}*B*, [Table I](#TI){ref-type="table"}, and [supplemental Table 4](http://www.mcponline.org/cgi/content/full/M111.015909/DC1)).

Four of the NS1-regulated proteins were uniquely type II (IFN-γ)-inducible proteins; thus, strengthening the probability that NS1 has the ability to directly impact on STAT1/STAT1 mediated signaling ([Table II](#TII){ref-type="table"}). Interestingly, six of the NS1-regulated proteins have not been observed to be regulated by IFNs; thus, raising the possibility that NS1 regulates their expression via direct impacts on these proteins and/or impacts on signaling pathways, other than IFN signaling, involved in their expression. Overall these findings are consistent with previous conclusions that NS1 suppresses type I and III IFN and other antiviral responses ([@B28], [@B31], [@B32], [@B36], [@B37], [@B51]) and may explain the attenuation of ΔNS1-GFP hRSV. Furthermore, it is apparent from the present study that NS1 suppresses type II IFN signaling.

Of the uniquely IFN-γ-inducible proteins that were regulated by NS1, SOD2 exhibited the largest degree of suppression by NS1. This finding focused attention on SOD2 for downstream aspects of the present study because of potential implications for regulation of oxidative stress during hRSV infection and the potential for NS1 to regulate STAT1/STAT1 signaling.

#### Proteomic Confirmation That SOD2 Is Regulated by NS1

One critical observation made above was that SOD2 appeared to be regulated by NS1. As mentioned above, exposure of A549 cells to type II IFN but not type I IFN was shown to induce SOD2 ([@B50]); however, another study indicated that massive doses of IFN-α induced SOD2 in rodent hepatic stellate cells ([@B52]). Despite the fact that the spot that contained SOD2 was quite intensely stained by Coomassie Blue and exhibited strong induction by infection of A549 cells with ΔNS1-GFP hRSV ([Fig. 1](#F1){ref-type="fig"}, [Table I](#TI){ref-type="table"}, and [supplemental Fig. 2*B*](http://www.mcponline.org/cgi/content/full/M111.015909/DC1)), the identification of SOD2 was based on only one distinct peptide ([supplemental Table 2 and supplemental Fig. 3*C*](http://www.mcponline.org/cgi/content/full/M111.015909/DC1)). Thus, additional larger scale fractionation was performed on the digests to obtain a more confident identification of SOD2 and to confirm its regulation by NS1 rather than that of a potentially co-migrating protein. This involved in-solution IEF separation of individual lysates of ΔNS1-GFP hRSV- and WT-GFP hRSV-infected and mock infected A549 cells followed by one-dimensional SDS-PAGE. Analytical scale one-dimensional SDS-PAGE of aliquots of the IEF fractions revealed an apparent increase in the abundance of a Coomassie-stained band corresponding to SOD2 in fraction 16 of the ΔNS1-GFP hRSV-infected cell lysate ([Fig. 3](#F3){ref-type="fig"}*A*, *solid red arrow*) compared with fractions 16 from WT-GFP hRSV-infected ([Fig. 3](#F3){ref-type="fig"}*B*) and mock infected ([Fig. 3](#F3){ref-type="fig"}*C*) lysates. Specifically, the one-dimensional SDS-PAGE protein profile of this fraction ([Fig. 3](#F3){ref-type="fig"}*A*) was very similar to that expected for a vertical slice through the pI region of the Coomassie-stained two-dimensional gels ([supplemental Fig. 2](http://www.mcponline.org/cgi/content/full/M111.015909/DC1)) that contained SOD2. The bulk of fraction 16 was concentrated by methanol precipitation followed by one-dimensional SDS-PAGE, and the band of interest ([Fig. 3](#F3){ref-type="fig"}*D*, *lane ΔNS1--16*) was subjected to in-gel digestion. MALDI-TOF/TOF-MS/MS analysis followed by database searching led to confident identification of this protein as SOD2 ([supplemental Table 6](http://www.mcponline.org/cgi/content/full/M111.015909/DC1)). To support this identification, aliquots of fraction 16 from the preparative in-solution IEF separations of mock infected and WT-GFP hRSV- and ΔNS1-GFP hRSV-infected cell lysates were individually subjected to solution digestion followed by CapHPLC-LTQ-Orbitrap-MS/MS. SOD2 was confidently identified in fraction 16 of the ΔNS1-GFP hRSV-infected cell lysate. Five distinct tryptic peptides derived from SOD2 were identified in this fraction ([supplemental Table 7](http://www.mcponline.org/cgi/content/full/M111.015909/DC1)). By comparison, only one of these unique SOD2 tryptic peptides was identified in fractions 16 from mock infected and WT-GFP hRSV-infected cell lysates ([supplemental Table 7](http://www.mcponline.org/cgi/content/full/M111.015909/DC1)). Furthermore, the number of spectra that matched SOD2 (*i.e.* the spectral count) suggested that SOD2 was dramatically more abundant in the lysate of the ΔNS1-GFP hRSV-infected cells compared with mock infected and WT-GFP hRSV-infected cells ([supplemental Table 7](http://www.mcponline.org/cgi/content/full/M111.015909/DC1)).

![**Fractionation of infected A549 cell lysates by in-solution IEF.** *A--C*, lysates of ΔNS1-GFP hRSV-infected (1.22 mg) (*A*), WT-GFP hRSV-infected (1.86 mg) (*B*), or mock infected (0.83 mg) (*C*) A549 cells were individually subjected to IEF fractionation in solution in a pH 3--11 nonlinear gradient. Individual fractions were harvested, and aliquots were subjected to analytical one-dimensional SDS-PAGE followed by staining with colloidal Coomassie. Proteins in fractions of interest were precipitated with cold methanol to obtain samples of increased protein concentrations for one-dimensional SDS-PAGE. *D*, results of separation of concentrated proteins from fractions 16 and 9 of the IEF separations of the ΔNS1-GFP hRSV-infected (ΔNS1--16) and WT-GFP hRSV-infected (WT-9) cell lysates, respectively, visualized using standard Coomassie staining. *MWM* indicates molecular weight marker lanes. *Solid arrows* on lanes labeled Δ*NS1--16* and *dashed arrows* on lanes labeled *WT-9* indicate bands correspond to SOD2 and GFP, respectively.](zjw0061241430003){#F3}

The analytical scale one-dimensional SDS-PAGE analysis of the fractions from the large scale in-solution IEF separations also identified a band of interest in fraction 9 from WT-GFP hRSV-infected cell lysates ([Fig. 3](#F3){ref-type="fig"}*B*, *dashed arrow*). A portion of this fraction was concentrated and subjected to one-dimensional SDS-PAGE, and the band was identified as GFP by in-gel digestion followed by MALDI-TOF/TOF-MS/MS ([Fig. 3](#F3){ref-type="fig"}*D*, *lane WT-9*, and [supplemental Table 6](http://www.mcponline.org/cgi/content/full/M111.015909/DC1)). The presence of GFP in fraction 9 of the WT-GFP hRSV-infected cell lysate was consistent with the pI position of the major red spot (spot 35) on two-dimensional DIGE gels of this lysate ([Fig. 1](#F1){ref-type="fig"}) as was the correspondence between the apparent *M*~r~ of this red spot ([Fig. 1](#F1){ref-type="fig"}) and the *M*~r~ of GFP ([Fig. 3](#F3){ref-type="fig"}, *B* and *D*). GFP appeared to be more abundant in WT-GFP hRSV-infected cell lysate than in the lysates of mock infected and ΔNS1-GFP hRSV-infected cells, as indicated by the *dashed arrow* on the SDS-PAGE analysis of fraction 9 of the WT-GFP hRSV-infected cell lysate ([Fig. 3](#F3){ref-type="fig"}*B*). The greater abundance of GFP in fraction 9 of the WT-GFP hRSV-infected cell lysate than in the mock infected and ΔNS1-GFP hRSV-infected cell lysates was supported by the greater number of spectra corresponding to GFP found by CapHPLC-LTQ-Orbitrap analysis of solution digests of the individual fractions 9 ([supplemental Table 7](http://www.mcponline.org/cgi/content/full/M111.015909/DC1)). These data support the conclusion above that SOD2 is the protein in spot 21 whose expression is regulated by NS1. Furthermore, the data indicate that WT-GFP hRSV replicates more efficiently than ΔNS1-GFP hRSV.

#### Orthogonal Validation That SOD2 Is Regulated by NS1

Lysates of mock infected and WT-GFP hRSV- and ΔNS1-GFP hRSV-infected A549 cells were analyzed by Western blotting using a SOD2-specific antibody ([Fig. 4](#F4){ref-type="fig"}*A*). As opposed to quantitative two-dimensional DIGE analysis, quantitative Western blotting indicated that SOD2 immunoreactivity was statistically significantly increased in lysates of WT-GFP hRSV-infected cells compared with lysates of mock infected cells ([Fig. 4](#F4){ref-type="fig"}*B*). However, as with two-dimensional DIGE, SOD2 levels were found to be further increased in ΔNS1-GFP hRSV-infected cell lysates by quantitative Western blotting ([Fig. 4](#F4){ref-type="fig"}*B*). Comparison of levels of the IFN-induced protein, IFIT3, identified in spot 25 ([Fig. 1](#F1){ref-type="fig"}, [Table I](#TI){ref-type="table"}, and [supplemental Table 2](http://www.mcponline.org/cgi/content/full/M111.015909/DC1)), in infected cells relative to mock infected cells by quantitative Western blotting ([Fig. 4](#F4){ref-type="fig"}, *C* and *D*) indicated the same qualitative trend in expression as observed qualitatively and quantitatively for SOD2 in WT-GFP hRSV- and ΔNS1-GFP hRSV-infected cell lysates ([Fig. 4](#F4){ref-type="fig"}, *A* and *C*). Quantitative analysis showed that IFIT3 levels were increased in WT-GFP hRSV-infected compared with mock infected cells and were higher again in ΔNS1-GFP hRSV-infected compared with WT-GFP hRSV-infected cell lysates ([Fig. 4](#F4){ref-type="fig"}*D*).

![**Western blot analysis of SOD2, IFIT3, and hRSV M and M2-1 proteins in lysates of mock infected or WT-GFP hRSV- or ΔNS1-GFP hRSV-infected A549 cells.** Equal quantities of protein from lysates of WT-GFP hRSV- or ΔNS1-GFP hRSV-infected or mock infected A549 cells were analyzed by Western blotting for SOD2 (*A* and *B*), IFIT3 (*C* and *D*), and hRSV proteins (*E* and *F*). Four independent sets of infected samples were measured in triplicate, with representative Western blots shown in *A*, *C*, and *E*. Normalized integrated intensities for SOD2 (*B*) and IFIT3 (*D*) in mock infected (*Mock*), WT-GFP hRSV-infected (*WT*), and ΔNS1-GFP hRSV-infected (Δ*NS1*) samples are presented as the means ± S.E. (*n* = 4). Statistical analysis was performed using one-way ANOVA for SOD2 and IFIT3 with Bonferroni correction. \* and ∧ denote a statistically significant difference from mock and WT infection, respectively, at *p* \< 0.05. + denotes a statistical difference from WT infection at *p* \< 0.10. In *F*, the integrated fluorescent intensities of the hRSV M and M2-1 proteins from the WT-GFP hRSV (*gray*) and ΔNS1-GFP hRSV lysates (*black*) are presented. Verification of equivalent protein loading was achieved using SyproRuby staining as shown in [supplemental Fig. 4](http://www.mcponline.org/cgi/content/full/M111.015909/DC1).](zjw0061241430004){#F4}

Western blot analysis of the infected cell lysates using a polyclonal antiserum prepared against hRSV virions confirmed the results of the two-dimensional DIGE analyses ([Fig. 1](#F1){ref-type="fig"}) that showed higher levels of expression of virally encoded proteins for WT-GFP hRSV compared with ΔNS1-GFP hRSV, as represented by the expression of hRSV M and M2-1 proteins detected by Western blotting ([Fig. 4](#F4){ref-type="fig"}, *E* and *F*). Thus, the higher levels of SOD2 and IFIT3 expressed in response to ΔNS1-GFP hRSV compared with WT-GFP hRSV were not a direct reflection of the general level of viral protein expression, because the expression of viral protein by ΔNS1-GFP hRSV in A549 cells was ∼0.25-fold that of WT-GFP hRSV at 24 h, but the levels of SOD2 in cell lysates were 2.6 times higher. These data indicate that the higher levels of SOD2 expression in the attenuated ΔNS1-GFP hRSV are attributable to the lack of NS1. This was supported by findings with FlagNS1 hRSV ([supplemental Fig. 5](http://www.mcponline.org/cgi/content/full/M111.015909/DC1)), which exhibits similar replicative characteristics to WT hRSV (a recombinant clone of human respiratory syncytial virus containing the wild-type A2 subtype genome). SOD2 expression in FlagNS1 hRSV-infected A549 cells was proportional to the level of M and M2-1 protein expression over a 6--30-h period ([supplemental Fig. 5*B*](http://www.mcponline.org/cgi/content/full/M111.015909/DC1)), and the fold changes in SOD2 at 24 h were comparable for WT-GFP hRSV ([Fig. 4](#F4){ref-type="fig"}*B*) and FlagNS1 hRSV ([supplemental Fig. 5*B*](http://www.mcponline.org/cgi/content/full/M111.015909/DC1)).

The induction of SOD2 observed in WT-GFP hRSV-infected A549 cells by Western blotting is consistent with other reports on SOD2 in WT hRSV-infected cells ([@B40]). Failure to detect this induction in WT-GFP hRSV-infected A549 cells by DIGE apparently reflects a deficiency in the sensitivity of DIGE under the current experimental conditions or that SOD2 might have been distributed across more spots than spot 21 because of post-translational modifications.

SOD2 mRNA levels, determined in two separate complementary quantitative real time PCR analyses of mRNA extracted from the lysates of A549 cells that were mock infected or WT-GFP hRSV- or ΔNS1-GFP hRSV-infected for 24 h ([supplemental Fig. 6](http://www.mcponline.org/cgi/content/full/M111.015909/DC1)), mirrored the trend in relative SOD2 protein levels determined by quantitative two-dimensional DIGE and Western blotting. These data confirmed that SOD2 is the protein in spot 21 whose expression is regulated by NS1 and that WT-GFP hRSV replicates more efficiently than ΔNS1-GFP hRSV and are consistent with NS1 being a regulator of SOD2 expression in hRSV-infected A549 cells.

#### NS1 Does Not Regulate the NRF2 Oxidative Stress Response Pathway

Infection of A549 cells by RSV has previously been reported to modulate expression of oxidative stress response enzymes, including SOD2, that are under the control of the NRF2 transcription factor ([@B40], [@B53]). The potential for the suppression of SOD2 expression by NS1 observed in the present study being a result of an impact on the NRF2 pathway was investigated by measuring the levels of two enzymes in addition to SOD2, catalase and TXNRD1, which are also regulated by NRF2. NRF2 levels were also measured. Quantitative Western blotting using three new sets of independent biological replicates of mock infected and WT-GFP hRSV- and ΔNS1-GFP hRSV-infected A549 cells indicated that SOD2 ([Fig. 5](#F5){ref-type="fig"}*A*) and IFIT3 ([Fig. 5](#F5){ref-type="fig"}*B*) levels in these samples exhibited the same trend in regulation that was observed above for the earlier sets of replicates, but catalase ([Fig. 5](#F5){ref-type="fig"}*C*) and TXNRD1 ([Fig. 5](#F5){ref-type="fig"}*D*) were the same in all circumstances. Furthermore, NRF2 did not exhibit any differential expression between the different infectious circumstances ([Fig. 5](#F5){ref-type="fig"}*E*). These data indicate that NS1 does not modulate SOD2 levels in hRSV-infected A549 cells via an impact on the NRF2 pathway.

![**Expression of SOD2 (*A*), IFIT3 (*B*), catalase (*C*), TXNRD1 (*D*), and NRF2 (*E*) in mock infected and WT-GFP hRSV- and ΔNS1-GFP hRSV-infected A549 cells.** Equal quantities of protein from lysates of WT-GFP hRSV- or ΔNS1-GFP hRSV-infected or mock infected A549 cells were analyzed by Western blotting for SOD2 (*A*), IFIT3 (*B*), CAT (*C*), TXNRD1 (*D*), and NRF2 (*E*). The data were normalized using SOD2 or IFIT3 levels present in a lysate of either FlagNS1 hRSV-infected (SOD2, IFIT3, and CAT) or IFN-β-treated (TXNRD1 and NRF2) A549 cells loaded in triplicate on the same membrane as the treatment. Normalized integrated intensities are shown as the means ± S.E. for four independent sets of treated samples measured in triplicate (*n* = 4). Statistical analysis was performed using a one-way ANOVA with Bonferroni correction. \* and ∧ denote a statistically significant difference from mock and WT infection, respectively, at *p* \< 0.05. Mock infected and WT-GFP hRSV- and ΔNS1-GFP hRSV-infected cells are represented by *open*, *gray*, and *black bars*, respectively.](zjw0061241430005){#F5}

#### Cytokine Regulation of SOD2 Expression in A549 Cells

Various cytokines are known to induce SOD2 expression ([@B54][@B55][@B56][@B57][@B58]--[@B59]). Induction of SOD2 has only been reported in one ([@B52]) of many studies designed to assess the effect of type I IFNs. The effects of IFN-γ on SOD2 levels of A549 cells have been both positive ([@B54], [@B55]) and negative ([@B56], [@B58], [@B59]). Other cytokines reported to induce SOD2 expression include TNF-α and IL-1β ([@B55][@B56][@B57]--[@B58]). Thus, the potential for NS1 to influence SOD2 expression by impacting upon TNF-α, IL-1β, and IFN-dependent pathways was investigated. A549 cells were either mock treated or independently exposed to IFN-α, -β, -λ or -γ; TNF-α; or IL-1β and subsequently analyzed by Western blotting ([Fig. 6](#F6){ref-type="fig"}). IFN-α and -β failed to cause an up-regulation of SOD2 ([Fig. 6](#F6){ref-type="fig"}*A*) but caused substantial increases in IFIT3 ([Fig. 6](#F6){ref-type="fig"}*B*). IFN-λ failed to exhibit induction of SOD2 ([Fig. 6](#F6){ref-type="fig"}*A*) but caused a modest increase in IFIT3 ([Fig. 6](#F6){ref-type="fig"}*B*) after exposure of the A549 cells for 24 h. IFN-γ caused a statistically significant induction of SOD2 ([Fig. 6](#F6){ref-type="fig"}A) and IFIT3 ([Fig. 6](#F6){ref-type="fig"}*B*). By comparison, TNF-α and IL-1β induced expression of SOD2 to a significant extent ([Fig. 6](#F6){ref-type="fig"}*A*), but IFIT3 was not induced by either TNF-α or IL-1β ([Fig. 6](#F6){ref-type="fig"}*B*). These findings indicate that modulation of SOD2 by NS1 in hRSV-infected A549 cells could potentially be via effects on IFN-γ, TNF-α, or IL-1β signaling pathways.

![**Up-regulation of SOD2 (*A*) and IFIT3 (*B*) protein expression in A549 cells by IFN-α, IFN-β, IFN-γ, IFN-λ1, TNF-α, and IL-1β.** A549 cells were incubated for 24 h in the presence of 500 units/ml of IFN-α and IFN-β, 100 ng/ml of IFN-γ, 100 ng/ml of IFN-λ1, 20 ng/ml of TNF-α, or 2 ng/ml of IL-1β. Equal quantities of protein from lysates of each treatment were probed by Western blotting for SOD2 (*A*) and IFIT3 (*B*). Three independent replicates were analyzed in triplicate and normalized using SOD2 (*A*) or IFIT3 (*B*) levels present in a lysate of FlagNS1 hRSV-infected A549 cells loaded in triplicate on the same membrane. Normalized integrated intensities are shown as the means ± S.E. (*n* = 3). Statistically significant difference was determined using a one-way ANOVA with Bonferroni correction. \* denotes a statistical difference from mock at *p* \< 0.05.](zjw0061241430006){#F6}

#### Quantitative Two-dimensional DIGE Analysis of Cytokine-treated A549 Cells Indicates That NS1 Suppresses Type I, II, and III IFN but Not TNF-α or IL1β Signaling Pathways

The independent biological triplicate treatments used above for Western blotting experiments were further analyzed by quantitative two-dimensional DIGE ([supplemental Fig. 7 and supplemental Table 8](http://www.mcponline.org/cgi/content/full/M111.015909/DC1)) to compare the impacts on the proteomes of A549 cells on a more global scale. Individual protein spots seen to be differentially up-regulated by ΔNS1-GFP hRSV compared with WT-GFP hRSV infection of A549 cells ([Fig. 1](#F1){ref-type="fig"}, [Table I](#TI){ref-type="table"}, and [supplemental Table 4](http://www.mcponline.org/cgi/content/full/M111.015909/DC1)) were quantified for each of the cytokine treatments ([supplemental Figs. 7 and 8](http://www.mcponline.org/cgi/content/full/M111.015909/DC1)). One interesting additional protein was seen to be regulated by TNF-α and IL-1β but not by any of the IFNs ([supplemental Figs. 7 and 8](http://www.mcponline.org/cgi/content/full/M111.015909/DC1)) or by NS1. This protein was identified as aldose reductase (AKR1B1) by in-gel digestion followed by MALDI-TOF/TOF-MS/MS ([supplemental Table 9](http://www.mcponline.org/cgi/content/full/M111.015909/DC1)). Accordingly, AKR1B1 is included in the downstream analysis of these data.

Especially informative findings from these cytokine stimulation experiments are presented pictorially by displaying sections of the two-dimensional DIGE gels containing particularly relevant protein spots for each cytokine treatment together with extracts from comparable sections of the gel comparison of WT-GFP hRSV- and ΔNS1-GFP hRSV-infected A549 cells ([Fig. 7](#F7){ref-type="fig"}). Ratios of intensities for each of the spots are presented for each cytokine treatment relative to mock treatment and for the comparison of ΔNS1-GFP hRSV- and WT-GFP hRSV-infected A549 cell lysates. Although regulation of WARS was detected in two spots, the ratios are only presented for the most intense of these spots. The most clear-cut outcome from this data subset relates to the NS1-regulated protein, ISG15, for which IFN-β and IFN-λ were the only cytokines tested to affect its expression. This is consistent with regulation of type I and/or type III IFN induction and/or signaling by NS1. The data for WARS also suggest an impact of NS1 on type I IFN induction and/or signaling but do not account for the level of suppression exerted by NS1. The WARS data are commensurate with an impact of NS1 on type II IFN (*i.e.* IFN-γ) activation. The data for SOD2 are compatible with the quantitative Western blot data above, which indicated that type I IFNs alone do not directly regulate this protein and that NS1 could potentially impact on induction of SOD2 expression through suppression of type II IFN, TNF-α, or IL-1β pathways. However, the level of expression of SOD2 induced by IFN-γ does not appear to be sufficient to account for the suppression of expression of this protein by NS1. Furthermore the observations made for AKR1B1 would appear to rule out an impact of NS1 on TNF-α and IL-1β pathways because expression of this protein is regulated by these two cytokines but is not affected by NS1 in infected A549 cells.

![**Comparisons of NS1 and cytokine regulation of selected proteins identified as being regulated in lysates of WT-GFP hRSV *versus* ΔNS1-GFP hRSV infection and cytokine stimulation of A549 cells.** Spots containing selected NS1-regulated proteins were extracted from the gel depicted in [Fig. 1](#F1){ref-type="fig"} for the ΔNS1/WT condition and from gels from which the impacts of treatment of A549 cells with the various cytokines were quantified by two-dimensional DIGE ([Fig. 1](#F1){ref-type="fig"}, [Table I](#TI){ref-type="table"}, and [supplemental Figs. 7 and 8 and supplemental Tables 3--5](http://www.mcponline.org/cgi/content/full/M111.015909/DC1)). WARS was identified in two regulated spots, but the intensity ratios are presented only for the most abundant isoform.](zjw0061241430007){#F7}

#### Impact of NS1 on Responses of Type I IFN-deficient Vero Cells to hRSV Infection

Vero cells are frequently used as a model type I IFN-deficient cell line for studying the role of type I IFNs in antiviral responses ([@B60][@B61]--[@B62]). Thus, Vero cells were used to investigate the possibility that although SOD2 expression is not directly induced by type I IFNs, the suppression of SOD2 expression in an infectious setting is dependent on suppressing type I IFN induction and/or signaling. To achieve this, independent triplicate sets of Vero cells were analyzed by quantitative Western blotting using SOD2- and IFIT3-specific antibodies ([Fig. 8](#F8){ref-type="fig"}) and two-dimensional DIGE (data not shown) after infection with WT-GFP hRSV or ΔNS1-GFP hRSV or mock infection. Quantitative Western blot comparisons of mock infected and WT-GFP hRSV- and ΔNS1-GFP hRSV-infected Vero cells ([Fig. 8](#F8){ref-type="fig"}) detected ∼1.5- and 10-fold increases of SOD2 ([Fig. 8](#F8){ref-type="fig"}*A*) and IFIT3 ([Fig. 8](#F8){ref-type="fig"}*B*), respectively, in ΔNS1-GFP hRSV relative to mock infection but no corresponding increases of these proteins in WT-GFP hRSV-infected Vero cells ([Fig. 8](#F8){ref-type="fig"}). In comparison, SOD2 and IFIT3 were seen to be up-regulated ∼2.5- and 10-fold, respectively, in WT-GFP hRSV-infected A549 cells and 5.5- and 140-fold, respectively, in ΔNS1-GFP hRSV-infected compared with mock infected A549 cells using Western blot analysis ([Fig. 4](#F4){ref-type="fig"}). The only statistically significant expression differences observed for SOD2 and IFIT3 by two-dimensional DIGE analyses of infected Vero cell samples was a small increase in IFIT3 in the ΔNS1-GFP hRSV-infected cell lysates (data not shown). These findings indicate that NS1 has the capacity to regulate expression of these proteins to a minor degree in a type I IFN-independent manner in Vero cells, but the major impact of NS1 on the expression of these proteins is type I IFN-dependent. In the case of SOD2, this dependence is indirect.

![**Western blot analysis of SOD2 and IFIT3 in lysates of mock infected or WT-GFP hRSV- or ΔNS1-GFP hRSV-infected Vero cells.** Equal quantities of protein from lysates of WT-GFP hRSV- or ΔNS1-GFP hRSV-infected or mock infected Vero cells were analyzed by Western blotting for SOD2 (*A*) and IFIT3 (*B*). Four independent sets of infected samples were measured with each independent set of treatments analyzed in triplicate on a separate membrane. The relative integrated intensity of each treatment was determined as a fraction to total intensity of all treatments on one membrane and then presented as the means ± S.E. (*n* = 4). Statistical analysis was performed using a one-way ANOVA for SOD2 and IFIT3 with Bonferroni correction. \* and ∧ denote a statistically significant difference from mock and wild-type infection, respectively, at *p* \< 0.05.](zjw0061241430008){#F8}

Cytokine stimulation of Vero cells was used to determine whether Vero cells are able to elicit different susceptibilities to those observed above for A549 cells. The major difference observed between Vero cells ([Fig. 9](#F9){ref-type="fig"}) and A549 cells ([Fig. 6](#F6){ref-type="fig"}) was that in Vero cells SOD2 levels exhibited a modest but statistically significant increase in response to IFN-λ1 but not TNF-α. Thus, the relatively modest NS1 regulation of SOD2 and IFIT3 expression in Vero cells may emanate from direct impacts of NS1 on type II (IFN-γ) and type III (IFN-λ) signaling. In A549 cells, NS1 would not appear to affect SOD2 levels via an impact on the type III (IFN-λ) pathway ([Fig. 6](#F6){ref-type="fig"}) but may impact directly on type II (IFN-γ) and indirectly via a type I IFN-dependent induction of SOD2 and directly on type I, type II, and type III IFN induction of IFIT3.

![**Up-regulation of SOD2 (*A*) and IFIT3 (*B*) protein expression in Vero cells by IFN-α, IFN-γ, IFN-λ1, TNF-α, and IL-1β.** Vero cells were incubated for 24 h in the presence of 6000 units/ml of IFN-α, 100 ng/ml of IFN-γ, 10 ng/ml of IFN-λ1, 20 ng/ml of TNF-α, or 1 ng/ml of IL-1β. Equal quantities of protein from lysates of each treatment were probed by Western blotting for SOD2 (*A*) and IFIT3 (*B*). Three independent replicates were analyzed in triplicate and normalized using SOD2 (*A*) or IFIT3 (*B*) levels present in a lysate of FlagNS1-infected A549 cells loaded in triplicate on the same membrane. Normalized integrated intensities are presented as the means ± S.E. (*n* = 3). Statistical significance was determined using a one-way ANOVA with Bonferroni correction. \* denotes a statistical difference from mock at *p* \< 0.05.](zjw0061241430009){#F9}

#### Analysis of the Impact of NS1 on STAT1 and STAT2 Expression during hRSV Infection of A549 Cells

STAT2 has been reported to be degraded in hRSV-infected cells ([@B34], [@B35], [@B63]) in a proteosomally mediated fashion ([@B63]). Furthermore, NS1 has been attributed with participation in STAT2 degradation ([@B37]). To assess the potential for NS1 to impact on STAT1 and STAT2 levels in response to infection, lysates of independent triplicate sets of mock infected and WT-GFP hRSV- and ΔNS1-GFP hRSV-infected A549 cells were analyzed by quantitative Western blotting using antibodies to both of these STAT proteins. STAT2 levels were significantly lower in WT-GFP hRSV-infected compared with mock infected A549 cells ([Fig. 10](#F10){ref-type="fig"}*A*), but the levels of STAT2 were not rescued in A549 cells infected with ΔNS1-GFP hRSV ([Fig. 10](#F10){ref-type="fig"}*A*). On the other hand, mock infected and WT-GFP hRSV-infected A549 cells had the same STAT1 levels ([Fig. 10](#F10){ref-type="fig"}*B*), but STAT1 rose to significantly higher levels in ΔNS1-GFP hRSV-infected A549 cells. These data indicate that NS1 does not participate in STAT2 degradation in hRSV-infected cells, but it does participate in modulation of STAT1 levels.

![**Western blot analysis of STAT2 and STAT1 in lysates of mock infected or WT-GFP hRSV- or ΔNS1-GFP hRSV-infected A549 cells.** Equal quantities of protein from lysates of WT-GFP hRSV- or ΔNS1-GFP hRSV-infected or mock infected A549 cells were analyzed by Western blotting for STAT2 (*A*) and STAT1 (*B*). The data were normalized using SOD2 or IFIT3 levels present in a lysate of FlagNS1 hRSV-infected A549 cells loaded in triplicate on the same membrane as the treatment. Normalized integrated intensities are shown as the means ± S.E. for four independent sets of treated samples measured in triplicate (*n* = 4). Statistical analysis was performed using a one-way ANOVA with Bonferroni correction. \* and ∧ denote a statistically significant difference from mock and wild-type infection, respectively, at *p* \< 0.05.](zjw0061241430010){#F10}

DISCUSSION
==========

Identification of host cell pathways regulated by viral infection and delineation of the mechanisms involved may lead to treatments for diseases caused by viruses for which development of effective vaccines and/or therapeutic agents has been elusive. Human RSV is such a virus. Transcriptional profiling of infected cells has been used to investigate the regulation of gene expression by hRSV ([@B64][@B65][@B66][@B67]--[@B68]). Proteomic approaches have the capacity to extend the insight of the impact of viral infection on cellular pathways to include potential post-transcriptional effects, as well as impacts of post-translational modifications. Comparison of the proteomes of infected and uninfected cells by two-dimensional gel electrophoresis, including in combination with two-dimensional DIGE ([@B69], [@B70]), has been used to detect modulation of cellular pathways by RSV ([@B69][@B70]--[@B71]). Stable isotope labeling by amino acids in cell culture in combination with one-dimensional SDS-PAGE of cellular fractions followed by LC-MS/MS of tryptic digests of gel slices has also been used to quantify changes of protein abundances in RSV-infected cells ([@B72], [@B73]). These studies have usually compared subcellular fractions of uninfected cells with the same cells infected with WT viruses ([@B69][@B70][@B71][@B72]--[@B73]). Regrettably, some of these studies omitted the use of biological replicates ([@B72], [@B73]). The present study was conducted using two-dimensional DIGE analysis of lysates of WT-GFP hRSV- and ΔNS1-GFP hRSV-infected and mock infected A549 cells that were lysed 24 h post-infection and analyzed without subcellular fractionation. This time point is several hours after the time of peak viral mRNA synthesis, which usually happens around 15 h and is at or slightly after the time of peak viral protein synthesis ([@B2], [@B28]) as supported by the data presented in [supplemental Fig. 5*B*](http://www.mcponline.org/cgi/content/full/M111.015909/DC1). Virus production starts at about 12 h and continues until the cells display extensive cytopathology at 30--48 h ([supplemental Fig. 5*B*](http://www.mcponline.org/cgi/content/full/M111.015909/DC1)). The 24-h time point is also included in most transcriptional ([@B63][@B64][@B65][@B66]--[@B67]) and proteomic ([@B68], [@B69], [@B71], [@B72]) profiling studies conducted on WT hRSV-infected cells, sometimes as the unique time point for proteomic profiling ([@B71], [@B72]), and is the period during which A549 cells were exposed to IFN-α and/or IFN-γ prior to transcriptional profiling ([@B47]). Unfractionated lysates were used herein to avoid potential pitfalls associated with subcellular fractionation, such as selective protein losses. This lack of fractionation may have caused some low abundance regulated proteins to be obscured by dominant unregulated host cell proteins. The present study also accounted for experimental variation (*i.e.* biological and technical variation) through the use of a minimum of triplicate independent biological replicates throughout. This may also have excluded some marginally regulated proteins from observation. Collectively, the features of the present study that differentiate them from previous studies may explain the relatively small number of cellular proteins observed to be regulated by WT-GFP hRSV compared with the previous proteomic comparisons ([@B69][@B70][@B71][@B72]--[@B73]).

The truly differentiating characteristic of the present study was the use of ΔNS1-GFP hRSV infection of A549 cells. The WT hRSV genome contains NS1 and NS2, which act to tranquilize the infected cell by blocking cellular antiviral responses ([@B16], [@B17], [@B19], [@B20], [@B25][@B26][@B27]--[@B28], [@B31], [@B32]). Thus, comparing the impacts of both WT-GFP hRSV and ΔNS1-GFP hRSV on cells enabled the observation of effects that are missed in WT hRSV to mock infection comparisons and the identification of cellular pathways that are pacified by NS1. As observed previously, this mutant virus failed to replicate as well as WT hRSV ([@B16], [@B27], [@B28], [@B31]), but despite this, the NS1-deficient hRSV induced a much more pronounced induction of expression of specific host cell proteins. This is consistent with biological studies that demonstrated more pronounced antiviral responses to ΔNS1 compared with WT RSVs ([@B31], [@B32]). The characteristics of the proteins observed to be under the regulatory influence of NS1 in the present study are also consistent with the findings of earlier biological studies that indicate that NS1 impacts in a major way on type I and type III IFN induction and signaling ([@B31], [@B32], [@B74]). However, several of the NS1-regulated proteins are also inducible by other cytokines, such as type II IFN (IFN-γ), TNF-α, and IL-1β. One NS1-regulated protein observed in the present study, SOD2, was notable in terms of lack of induction by treatment of cells with type I IFNs. A characteristic of SOD2 expression is regulation by IFN-γ ([@B50], [@B54], [@B55]), TNF-α ([@B56][@B57][@B58]--[@B59]), IL-1β ([@B56], [@B57]), and oxidative stress ([@B75]). SOD2 has also previously been shown to be up-regulated by RSV infection ([@B40], [@B53], [@B66], [@B73]). Accordingly, SOD2 was used as a probe to identify pathways that may contain molecular targets for NS1 interference, in addition to direct type I IFN induction and signaling ([@B31], [@B32], [@B34], [@B36], [@B37]).

Identification of SOD2 in the regulated protein spot evident by two-dimensional DIGE was not particularly confident from in-gel digestion protocols applied to two-dimensional gels; thus, in-solution IEF fractionation of the complete lysates was used to obtain more concentrated samples for in-gel digestion and improved identification. These fractions were further analyzed by CapHPLC-LTQ-Orbitrap-MS/MS in conjunction with spectral counting to confirm the SOD2 identification and regulation by NS1. The NS1 regulation of SOD2 was also confirmed by quantitative Western blotting. Interestingly, both the spectral counting approach and quantitative Western blotting showed some up-regulation of SOD2 in WT-GFP hRSV-infected A549 cells that was not apparent by two-dimensional DIGE analyses, which indicated a sensitivity deficiency of two-dimensional DIGE when used in the present circumstances.

Previous studies with WT hRSV-infected cells have implicated that the general oxidative stress response pathway controlled by the transcription factor NRF2 is regulated by hRSV ([@B40], [@B53]). Because SOD2 expression is regulated by NRF2, we probed mock infected and WT-GFP hRSV- and ΔNS1-GFP hRSV-infected A549 cell lysates with antibodies to NRF2 and two other proteins, catalase and TXNRD1, that are induced by NRF2. The data obtained from experiments conducted with two sets of independent biological triplicate samples indicated that NS1 does not impact on this pathway.

Cytokine stimulation of A549 cells in conjunction with quantitative Western blotting confirmed the lack of direct induction of SOD2 by type I IFNs and indicated that the induction of SOD2 in these cells was not due to direct type III IFN induction but was possible with IFN-γ, TNF-α, or IL-1β. Susceptibility of A549 cells to type I, type II, and type III, IFNs was indicated using IFIT3 as a marker for these pathways. IFIT3 was not seen to be regulated in A549 cells by TNF-α and IL-1β. Quantitative two-dimensional DIGE analyses of cytokine-stimulated A549 cells confirmed that NS1 does regulate type I and/or type III IFN signaling, as is evident by the fact that ISG15 was regulated by IFN-β and IFN-λ1 and that type I and type III IFN signaling does not directly induce SOD2 expression. As with the quantitative Western blotting experiments, TNF-α and IL-1β were the only cytokines capable of inducing SOD2 to levels observed in infected A549 cells, and IFN-γ had an intermediate effect. However, observations with the cellular protein, AKR1B1, indicated that NS1 does not interfere with TNF-α or IL-1β signaling because this protein was induced by both of these cytokines but was not higher in ΔNS1-GFP hRSV-infected compared with WT-GFP hRSV-infected A549 cells. Based on these observations, IFN-γ was the only cytokine signaling pathway tested that remained as a direct candidate target for NS1 interference in relation to SOD2 expression in A549 cells. A similar cross-correlation analysis was applied to regulation of the type I- and II-inducible protein, WARS. This protein was induced to a minor degree by type I IFNs but appeared to require IFN-γ induction to account for the difference in expression in ΔNS1-GFP hRSV-infected compared with WT-GFP hRSV-infected A549 cells. We have conducted other preliminary experiments involving spectral counting-based label-free relative quantification of CapHPLC-LTQ-Orbitrap-MS/MS data obtained with digests of in-solution IEF fractions of lysates of ΔNS1-GFP hRSV- and WT-GFP hRSV-infected A549 cells. Data obtained in this way identified that ICAM-1, which is induced by IFN-γ but not type I IFNs ([@B76]), is regulated by NS1. Parenthetically, it should be noted that although A549 cells are considered to be a model epithelial cell line, the ability of these cells to produce this cytokine in response to infection has been documented previously ([@B77]). As noted above, the magnitude of SOD2 induction by IFN-γ was insufficient to account for the SOD2 levels observed in WT-GFP hRSV- and ΔNS1-infected A549 cells. These findings suggest that NS1 interferes with SOD2 expression through effects on alternative or additional pathways to those assessed to date.

The potential for type I IFN signaling to contribute to the induction of SOD2 expression in infected cells was also assessed by performing the infectious experiments in Vero cells, which do not express type I IFNs ([@B60], [@B61]) but are capable of responding to IFN-γ ([@B62]). Interestingly, WT-GFP hRSV-infected Vero cells did not induce SOD2 as assessed by quantitative Western blot or two-dimensional DIGE (data not shown) analyses of three independent biological replicates, and only a modest statistically significant increase in SOD2 was observed in ΔNS1-GFP hRSV-infected compared with mock infected Vero cells. Similar observations were made for IFIT3. The cytokine stimulation experiments conducted with Vero cells differed from the comparable experiments conducted with A549 cells in that Vero cells appeared to be responsive to type III IFN (IFN-λ) but not TNF-α in relation to both SOD2 and IFIT3 expression. Thus, the observations made with infected Vero cells could be explicable on the basis of NS1 completely interfering with both IFN-γ and IFN-λ signaling in WT-GFP hRSV-infected cells and the modest increase in expression of SOD2 and IFIT3 in ΔNS1-GFP hRSV-infected cells arising from removal of this interference. The lack of induction of SOD2 and IFIT3 in WT-GFP hRSV-infected Vero cells and the very modest induction of these proteins in ΔNS1-GFP hRSV-infected Vero cells, compared with observations made with A549 cells, imply that NS1 interferes with type I IFN signaling to impact directly on IFIT3 expression and indirectly on SOD2 expression in A549 cells.

An indirect contribution of type I IFN signaling to SOD2 induction in infected cells may be explicable based on type I IFN induction of a factor that is required to induce SOD2 ([Fig. 11](#F11){ref-type="fig"}). The initial response of cells to paramyxovirus-negative strand viral (*e.g.* RSV) RNA and replicative intermediates involves the RNA receptor, RIG-I ([@B78]). Complexes of RIG-I and RNA are detected by a mitochondrial surface protein variously known as MAVS, IPS-1, and CARDIF ([@B79]). A cascade of responses is initiated upon activation of MAVS to induce type I IFN synthesis ([Fig. 11](#F11){ref-type="fig"}). Resulting type I IFNs are secreted and act in a paracrine fashion to induce type I ISGs. Some of these ISGs are involved in amplification of type I IFN induction (*e.g.* RIG-I) ([@B76]). STAT1, which is required for signaling induced by types I, II, and III IFNs ([@B80]), is also an ISG product ([@B76]). Thus, type I IFN induction of STAT1 and other gene products that are ubiquitous components of all IFN signaling pathways results in amplification of all IFN responses ([Fig. 11](#F11){ref-type="fig"}).

![**Potential modes of suppression of SOD2 expression by NS1 in hRSV infected A549 cells.** Taken together, the data obtained in this study indicate that NS1 could block SOD2 induction in hRSV-infected A549 cells by interference with pathways as marked by the *red crossed circles. Rectangles* indicate key proteins discussed in the text with *light green shading* indicating proteins selected from [Table II](#TII){ref-type="table"} as observed to be regulated by NS1, *yellow shading* indicating that STAT2 was observed but not regulated by NS1, and *light blue shading* indicating proteins not documented. *Green shaded ovals* indicate ISGs that are induced by the phospho-STAT1/phopsho-STAT2 heterodimer and IFN-γ-activated sites (*GAS*) that are induced by the phospho-STAT1 homodimer. Symbols shaded in *lavender* indicate IFN receptor subunits and their associated kinases responsible for activation of STAT1 and STAT2 by phosphorylation. The *large orange-shaded oval* represents the mitochondrion. The *solid lines* represent pathways involved in direct type I IFN induction and signaling and type II IFN signaling. The *dashed lines* represent pathways of IFN amplification initiated by type I IFN-induced gene products.](zjw0061241430011){#F11}

STAT2 is an essential component of the type I IFN signaling cascade ([@B80]). STAT2 levels have been shown to diminish in WT hRSV-infected cells via a proteosomally mediated mechanism ([@B63]), and NS1 has been attributed with forming an E3 ligase complex with Cullin2 and STAT2, resulting in polyubiquitination and proteosomal degradation of STAT2 ([@B37]). Promotion of STAT2 degradation by NS1 would attenuate production of any ISG products that may serve as indirect effectors of SOD2 induction and account for the present observations relating to the indirect type I IFN-dependent nature of SOD2 induction in hRSV-infected cells. Degradation of STAT2 would also account for attenuation of IFN-γ induction of SOD2 expression by NS1 because STAT1 is a STAT2-dependent ISG product that is obligatory for IFN-γ signaling ([@B76], [@B80]). The plausibility of this model is enhanced by the fact that STAT1 was observed to increase in ΔNS1-GFP hRSV-infected compared with mock infected and WT-GFP hRSV-infected cells. However, the findings that STAT2 levels diminished in WT-GFP hRSV-infected compared with mock infected cells but were not rescued upon deletion of NS1 (Ref. [@B35] and references therein) strongly argue against STAT2 being the target of NS1. Furthermore, other data indicate that NS2 is the main contributor to diminished STAT2 levels in RSV-infected cells ([@B34], [@B35]).

Interestingly, one of the kinases that activates STAT1, namely JAK1, is also a common component of all IFN signaling pathways ([@B80]). Thus, NS1 interference with STAT1 or JAK1 could potentially explain the present observations in terms of impact on type I, type II, and type III IFN responses ([Fig. 11](#F11){ref-type="fig"}). However, ISG products involved in type I IFN production, hence amplification of the type I IFN response, are also potential targets. RIG-I is one such potential candidate target of NS1. It has also been shown that NS1 exhibits a predominant mitochondrial distribution when transiently co-transfected with NS2 and during natural hRSV infection, and a role in regulation of mitochondrial pathways has been proposed ([@B81]). Of particular interest is the fact that RIG-I forms a complex that interacts with MAVS at the mitochondrial surface to induce type I IFN production ([@B82]). This interaction could potentially be involved in the induction of SOD2 expression as superoxide, which is produced in the mitochondrion ([@B75], [@B82], [@B83]) and is a known inducer of SOD2 ([@B75]). In support of this contention, it is known that reactive oxygen species are required for induction of RIG-I-mediated antiviral responses and MAVS expression ([@B82]). It is possible that deletion of NS1 from the RSV genome results in the stabilization of functional RIG-I. As a corollary, the resultant preservation of RIG-I, which is in turn amplifiable, could result in an increase in superoxide and a concomitant induction of SOD2 expression in ΔNS1-GFP hRSV-infected compared with WT-GFP hRSV-infected A549 but not Vero cells. NS1 has been implicated in regulation of members of the type I IFN induction pathway downstream of MAVS, namely TRAF3 and IKKε ([@B36], [@B81]). Furthermore, it is apparent that NS1 alternately regulates multiple antiviral response pathways ([@B36]) using different structural regions ([@B36], [@B81]). Thus, RIG-I is only one of a number of potentially plausible targets of NS1. The identity of which type I IFN gene product(s) NS1 interacts with to regulate SOD2 expression and the mechanism of this interaction remain to be determined, but the data from the current and other studies ([@B36], [@B81]) point to a potent impact of NS1 at the level of the mitochondrion.

The present observations also potentially account for the enhanced early apoptosis that is observed for ΔNS1 hRSV compared with WT hRSV ([@B3], [@B28]), which in turn supports the model that SOD2 induction in RSV-infected A549 cells is induced by superoxide. SOD2 is one of three SODs involved in reacting to oxidative stress to ameliorate downstream detrimental cellular damage ([@B40], [@B83]). These enzymes convert superoxide to H~2~O~2~, which can be a damaging oxidant if allowed to accumulate to high concentrations ([@B40], [@B83]). Enzymes involved in H~2~O~2~ metabolism to prevent downstream damage are induced by the NRF2 transcription factor, which was found not to vary in levels between mock infected and WT-GFP hRSV- and ΔNS1-GFP hRSV-infected A549 cells in the present study. Two key enzymes, catalase, which directly converts H~2~O~2~ to H~2~O and O~2,~ and TXNRD1, which reduces thioredoxin and hydroperoxides ([@B84]) to ameliorate oxidative stress, were also seen not to differ between mock infected and WT-GFP hRSV- and ΔNS1 hRSV-infected A549 cells in the present study. Thus, it is feasible that increased SOD2 observed in the absence of NS1 would lead to high levels of unmetabolized H~2~O~2~ and enhanced apoptosis. This would be further exacerbated should the elevation of SOD2 observed with ΔNS1-GFP hRSV have arisen from elevation of superoxide ([@B75]). Precedence exists for attributing a similar imbalance of SOD2 and catalase to enhanced apoptosis of fibroblasts ([@B83]).

In summary, the proteomic comparison of WT-GFP hRSV- and ΔNS1-GFP hRSV-infected A549 cells in the present study resulted in the surprising observation that induction of SOD2 expression in response to infection was suppressed by NS1. Thus, SOD2 served as a marker for pathways that contained molecular targets for NS1 interference. Experiments involving direct cytokine stimulation of A549 and Vero cells confirmed that SOD2 expression was not directly induced by type I IFN signaling. Two-dimensional DIGE analysis of cytokine-stimulated A549 cells ruled out an impact of NS1 on TNF-α and IL-1β induction of SOD2 expression in response to infection but indicated that the IFN-γ signaling could contain molecular targets for NS1 interference. Infectious experiments with Vero cells indicated that type I IFN signaling indirectly promoted SOD2 expression in response to infection and that NS1 may target pathway components involved in amplification of the type I IFN response. Measurement of STAT1 and STAT2 in infected A549 cells excluded one contemporary hypothesis that STAT2 is a target of NS1 ([@B37]) but indicated that STAT1 is a potential target. However, other ISG products involved in amplification of the type I IFN response, such as RIG-I, could also be targets of NS1. Preliminary comparisons of WT-GFP hRSV-infected and mock infected A549 cell lysates fractionated by in-solution IEF followed by trypsin digestion and CapHPLC-LTQ-Orbitrap-MS/MS and spectral count-based quantification (not presented herein) have shown the potential to achieve a more penetrating estimate of the impact of infection of hRSV on cellular proteomes. This approach is currently being used in conjunction with ΔNS1-GFP hRSV to extend the present findings and enhance the potential to identify other pathways and molecular targets of NS1.
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^1^ The abbreviations used are:

hRSVhuman respiratory syncytial virusDIGEdifferential gel electrophoresisAKR1B1aldose reductaseAPOL2apolipoprotein L2CATcatalaseCapHPLCcapillaryHPLCGFPgreen fluorescent proteinIFNinterferonIFIT3interferon-induced protein with tetratricopeptide repeats 3ISGinterferon stimulated geneLTQlinear trap quadrupoleMS/MStandem mass spectrometryNRF2nuclear factor erythroid 2-related factor 2SOD2mitochondrial Mn superoxide dismutase 2STATsignal transducer and activator of transcriptionTBS10 mM Tris-HCl (pH 7.4) containing 0.15 M NaClTBSTTBS containing 0.5% (v/v) Tween 20TXNRD1thioredoxin reductase 1, cytosolicWARStryptophanyl-tRNA synthetaseE-valuesexpected valuesANOVAanalysis of variance.
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